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ABSTRACT 

Black seed oil (BSO) is a natural remedy derived from Nigella sativa Linn. The main 

active ingredient in BSO, thymoquinone, is well-known for its antibacterial and 

antioxidant properties. Prophet Muhammad (PBUH) stated that black seed is one of the 

remedies for all diseases except death. However, consumers find it difficult to take BSO 

on a daily basis due to its bitter taste. BSO's bitter taste is hidden by encapsulating it in 

a soft gelatine capsule. However, because of the capsule's size, children and the elderly 

have difficulty swallowing it. BSO is encapsulated in micrometre-sized alginate beads 

to increase palatability in individuals of all ages, particularly children and the elderly. 

This research aims to encapsulate BSO in alginate beads made with a multi-nozzle 

spraying method that has the same quality and characteristics as a single nozzle. From 

the results, the overhead stirrer combined with homogeniser and flow cell sonicator with 

a minimum amplitude of 20 produced the best droplet size, PdI, and dissolution time of 

BSO alginate nanoemulsion. The flow rate and applied voltage significantly influenced 

the diameter of BSO alginate beads (p-value < 0.05). The sphericity factor (SF) was 

unaffected by flow rate, applied voltage, or distance between the nozzle and the cross-

linking solution. Thus, the optimisation of the mixing, emulsification and 

electrospraying process was successfully done on the lab scale. The first and fifth 

designs showed the best maldistribution factor (MF) value, near-zero MF value, in 

designing and analysing a 3D-printed pilot-size multi-nozzle prototype for the 

electrospraying process at the lab scale. The fifth design was chosen, and this is the first 

multi-nozzle with two baffles in the core, combining two different types of the best 

baffle designs. The results showed that a multi-nozzle spray produced a good SF value 

and beads size without utilising high voltage. Equipment involved in the BSO alginate 

beads manufacturing line was optimised at the IKOP® Sdn. Bhd pilot plant. The 100 L 

mixing tank equipped with stirrer and homogeniser at 500 and 1500 rpm speed, 

respectively was capable of reducing the droplet size. To process a greater volume with 

the least amount of energy, BSO alginate nanoemulsion was produced using flow 

configuration at the best process parameters obtained from pilot plant study. Using a 

70% amplitude power rather than 90% to produce BSO alginate nanoemulsion at a flow 

rate of 72, 144, 216, or 288 mL/min is advisable due to less energy consumption. The 

critical quality attribute of BSO alginate nanoemulsion, which were particle size and 

PdI, was accomplished using both amplitude powers. The difference between the top 

and bottom of a 20-litre holding tank is 7.18 %, thus within in-process quality control 

(IPQC) target. From the data, 83.33 % of the beads have an SF of less than 0.05, which 

was above the IPQC's goal which is more than 75 % of the beads having an SF of less 

than 0.05. The IPQC beads diameter range is between 1.50 mm to 2.50 mm, and all 

BSO beads diameter readings are within that range. The multi-nozzle spray apparatus 

achieved successful outcomes by producing wet beads with an SF of less than 0.05. 

Hence, the multi-nozzle spray machine can manufacture BSO alginate wet beads in 

large quantities. The curing with filter tank placed at IKOP® Sdn. Bhd. was capable of 

curing and filtering the BSO alginate beads production process where it met the goal of 

a continual decrease in calcium ion concentration. Finally, this study successfully 

developed and optimised the multi-nozzle spray production line in producing BSO 

alginate beads with same quality and characteristics as a single nozzle in the lab scale.  
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 خلاصة البحث 
ABSTRACT IN ARABIC 

النيجيلا   من  مستمد  طبيعي  علاج  هو  السوداء  الحبة  لينزيت  زيت  ساتيفا  في  الرئيس ي  النشط  حبة  ال.المكون 

الرسول صلى الله  ذكر  .معروف جيدا بخصائصه المضادة للأجسام ومضادات الأكسدةالثيموكينون،  السوداء،

وسلم باسالأن    عليه  الأمراض  لجميع  العلاج  وسائل  من  واحدة  هي  السوداء  الموت.حبة  ذلك،يجد  تثناء  ومع 

المستهلكون صعوبة في تناول زيت الحبة السوداء يوميا بسبب طعمه المر.ويغلف زيت حبة السوداء في خنافس  

مايكرومت بحجم  الأطفال    رألجينات  سيما  الأعمار،ولا  جميع  من  الأفراد  لدى  للتحجيم  قابليتها  لزيادة 

الرش   بطريقة  المصنوعة  الألجينات  خنافس  في  السوداء  الحبة  زيت  تغليف  إلى  البحث  هذا  والمسنين.ويهدف 

با إلى جنب  فإن المثير العام جنالنتائج،واستنادا إلى  .المتعدد الفوهات التي لها نفس نوعية وخصائص فوهة واحدة

ووقت ،PDI  قطرة،أنتجت أفضل حجم    20مع متجانس وأجهزة صوتية خلية التدفق مع الحد الأدنى من سعة  

 على قطر    السوداءحبة  الانحلال زيت  
ً
 كبيرا

ً
الجينات نانوميدات.وقد أثر معدل التدفق والفولتية التطبيقية تأثيرا

أو الجهد  التدفق،ولم يتأثر معامل التحسس بمعدل  .(p-value < 0.05)  السوداءحبة  الخنافس ألجينات زيت  

.وأظهر التصميمان الأول والخامس أفضل قيمة لمعامل سوء  أو المسافة بين الفوهة ومحلول الربط العابرالمطبق،

في تصميم وتحليل ثلاثة أبعاد مطبوعة نموذجا تجريبيا  الصفر،وهي قيمة لمعامل سوء التوزيع تقريبا من  التوزيع،

التصميم الخامس تم اختياره،وهذا هو أول متعدد  وهات لعملية الرش الكهربائي على مقياس المختبر. متعدد الف

وأظهرت النتائج أن  مختلفين من أفضل التصاميم. الفوهات مع اثنين من الحافتين في النواة، والجمع بين نوعين

الثبات لعامل  قيمة جيدة  ينتج  الفوهات  متعدد  العالي.وكانت جميع    رذاذ  الجهد  استخدام  دون  الخرز  وحجم 

.وكشفت  .IKOP® Sdn. Bhd  السوداء مؤهلة في مصنع شركة  الحبةالمعدات المستخدمة في خط تصنيع خرز زيت  

  كان قادرا على تقليل حجم القطرة. التوالي،على  ،rpm  1500و    500المجهز بسرعة    لتر  100النتائج أن خزان خلط  

معالجة    و أجل  من  من  كمية  بأقل  أكبر  زيت  الطاقة،حجم  نانوميدات  مستحلب  إنتاج  السوداء    الحبةتم 

التجريبية   الدراسة  من  عليها  الحصول  تم  التي  العملية  بارامترات  أفضل  في  التدفق  تشكيل  باستخدام 

بمعدل تدفق    الجينات نانوميدات السوداء    الحبة% لإنتاج زيت  90%بدلا من  70للنبات.استخدام طاقة سعة  

مل/مين مستصوب بسبب استهلاك أقل للطاقة.تم إنجاز الصفة الحرجة للنوعية    288أو  ،216,  144,  72من  

و  ،نانوميداتالجينات  السوداء    الحبة لزيت   الجسيمات  حجم  كانت  قوة  ،PDIالتي  من  كل  باستخدام 

    20التعمق.والفرق بين أعلى وأسفل خزان الإمساك بسعة  
ً
راقبة الجودة أثناء  وبالتالي ضمن هدف م%،7.18لترا

  
ً
الثبات83.33فإن  للنتائج،العملية.ووفقا لديها عامل  الخرز  من  من    %  أعلى من هدف  ،0.05أقل  كان  ما  وهو 

.يتراوح قطر خرز  0.05أقل من    % من الخرز التي لديها عامل الثبات 75وهو أكثر من  العملية،مراقبة الجودة أثناء  

السوداء تقع في   الحبةوجميع قراءات قطر خرز  مم،  2.50مم و    1.50مراقبة الجودة أثناء العملية بين    التحكم في

الثبات  عامل  فيه  يقل  رطب  خرز  بإنتاج  ناجحة  نتائج  الفوهات  متعدد  الرش  جهاز  النطاق.وحقق  عن    هذا 

في شركة0.05 الذي وضع  الترشيح  بخزان  المعالجة  أن  النتائج  على     .IKOP® Sdn. Bhd  .وأظهرت  قادرة  كانت 

وقد حقق الهدف المتمثل في الانخفاض المستمر في تركيز  .السوداء  الحبة معالجة وتصفية عملية إنتاج خرز زيت  

نجحت هذه الدراسة في تطوير    الختام،أيونات الكالسيوم إلى أن يتم تحقيق هضبة من أجل عملية العلاج.وفي  

السوداء بنفس نوعية وخصائص فوهة واحدة في    الحبةج خرز زيت  خط إنتاج الرذاذ المتعدد الفوهات في إنتا

 مقياس المختبر. 



 

iv 

APPROVAL PAGE 

The thesis of Shaiqah Binti Mohd Rus has been approved by the following: 

 

 

_____________________________ 

Awis Sukarni Mohmad Sabere 

Supervisor 

 

 

 

_____________________________ 

Abd Al Monem Doolaanea  

Co-Supervisor  

 

 

 

_____________________________ 

Farahidah Mohamed 

Co-Supervisor  

 

 

 

_____________________________ 

Mohd Rushdi Abu Bakar 

Co-Supervisor 

 

 

 

_____________________________ 

 Deny Susanti Binti Darnis 

Internal Examiner  

 

 

 

_____________________________ 

Mohd Cairul Iqbal Bin Mohd Amin 

External Examiner  

 

 

 

_____________________________ 

Mohd. Zulfaezal Bin Che Azemin 

Chairman 

  



 

v 

DECLARATION 

I hereby declare that this thesis is the result of my own investigations, except where 

otherwise stated. I also declare that it has not been previously or concurrently submitted 

as a whole for any other degrees at IIUM or other institutions. 

 

Shaiqah Binti Mohd Rus  

 

Signature ...........................................................       Date ......................................... 

 

  

 

28/02/2022 



 

vi 

 

INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA 
 

DECLARATION OF COPYRIGHT AND AFFIRMATION OF 

FAIR USE OF UNPUBLISHED RESEARCH 
 

 

 DEVELOPMENT AND OPTIMISATION OF MULTI-NOZZLE 

SPRAY MANUFACTURING PROCESS OF BLACK SEED OIL 

ALGINATE BEADS 
 

 

I declare that the copyright holders of this thesis are jointly owned by the student 

and IIUM. 

 
Copyright © 2021 Shaiqah Binti Mohd Rus and International Islamic University Malaysia. All rights 

reserved. 

 

No part of this unpublished research may be reproduced, stored in a retrieval system, 

or transmitted, in any form or by any means, electronic, mechanical, photocopying, 

recording or otherwise without prior written permission of the copyright holder 

except as provided below 

 

1. Any material contained in or derived from this unpublished research 

may be used by others in their writing with due acknowledgement. 

 

2. IIUM or its library will have the right to make and transmit copies (print 

or electronic) for institutional and academic purpose.  

 

3. The IIUM library will have the right to make, store in a retrieved system 

and supply copies of this unpublished research if requested by other 

universities and research libraries. 

 

By signing this form, I acknowledged that I have read and understand the IIUM 

Intellectual Property Right and Commercialization policy. 

 

 

 

 

Affirmed by Shaiqah Binti Mohd Rus 

     

 

                                                     

……..……………………..              ……………………….. 

Signature                    Date 

 

 

 
28/02/2022 



 

vii 

ACKNOWLEDGEMENTS 

I would like to express the highest gratitude to Allah S.W.T for giving me the strength 

and patience to complete this PhD’s thesis entitled “Development and Optimisation of 

Multi-nozzle Spray Manufacturing Process for Black Seed Oil Alginate Beads”. This 

study was carried out at IKOP Sdn. Bhd. facilities: GMP Production Pilot Plant, 

Research & Development Lab, and Advanced Drug Delivery Lab, Kulliyyah of 

Pharmacy, International Islamic University Malaysia. It brings me great pleasure to 

thank my research team, particularly my supervisor, Asst. Prof. ChM. Dr. Awis Sukarni 

Bin Mohmad Sabere, and my co-supervisors, Assoc. Prof. Dr. Farahidah Binti 

Mohamed,  Asst. Prof. Dr. Abd Monem Al Doolaanea and Assoc. Prof. Ts. Dr. Mohd 

Rushdi Bin Hj. Abu Bakar, for their dedication to this research. This thesis would have 

remained a dream without their advice and help.  

 

I am indebted to my late mother Allahyarhamah Hajjah Ami Binti Zainun Asiah 

and also to my late father Allahyarham Haji Mohd Rus Bin Taayah to always encourage 

and pray for me before both of you passed away. Both of you, mother, and father, are 

greatly missed. To my dear husband Dr. Salahuddin, my lovely sisters, brothers, and 

my family members who constantly support and pray for my success in completing this 

journey thank you very much. I pray that Allah S.W.T will give happiness to all of you 

in this world and hereafter, amin. I would like to share this credit as well with my 

children, Subhan and Sofiyyah who always make me happy and gives me the strength 

to complete my study.  

 

Many thanks to all who were, directly and indirectly, involved in my journey. 

May Allah S.W.T bless every one of us, amin. 

 

 

 

 

 

 

 

 

  



 

viii 

TABLE OF CONTENTS  

Abstract ..................................................................................................................... ii 
Abstract in Arabic ..................................................................................................... iii 
Approval Page ........................................................................................................... iii 

Declaration ................................................................................................................ v 
Acknowledgements ................................................................................................... vii 
Table of Contents ...................................................................................................... viii 
List of Tables ............................................................................................................ xii 
List of Figures ........................................................................................................... xv 

List of Abbreviation .................................................................................................. xxi 

 

CHAPTER ONE: INTRODUCTION ................................................................... 1 
1.1 Background of the Study .......................................................................... 1 
1.2 Problem Statement .................................................................................... 2 
1.3 Research Hypothesis ................................................................................. 3 

1.4 Research Objectives.................................................................................. 4 
1.5 Research Flow .......................................................................................... 5 
1.6 Structure of the Thesis .............................................................................. 6 

 

CHAPTER TWO: LITERATURE REVIEW ...................................................... 8 

2.1 Introduction............................................................................................... 8 

2.2 Emulsion ................................................................................................... 8 

2.3 Black Seed Oil .......................................................................................... 10 
2.3.1 Inspiration: Black Seed Oil in Prophet's Hadith ........................... 11 

2.3.2 Black Seed Oil as Adjunct Medicine ............................................ 12 
2.4 Alginate..................................................................................................... 13 
2.5 Encapsulation of Black Seed Oil in Alginate ........................................... 16 

2.6 Electrospray .............................................................................................. 17 
2.7 Prototype Design ...................................................................................... 20 

2.7.1 3D Printer for Prototyping Design ................................................ 20 
2.7.2 Design of Multi-nozzle Electrospray ............................................ 22 

2.8 Process Optimisation in Manufacturing ................................................... 25 

2.8.1 Scale-up and Process Validation ................................................... 26 

2.8.2 EQ and Optimisation ..................................................................... 31 

 

CHAPTER THREE: LAB SCALE PROCESS OPTIMISATION OF 

BLACK SEED OIL IN ALGINATE BEADS ...................................................... 39 
3.1 Introduction............................................................................................... 39 
3.2 Materials ................................................................................................... 39 
3.3 Methodology ............................................................................................. 40 

3.3.1 Mixing - Preparation of the CE ..................................................... 42 

3.3.2 Droplet Size BSO Alginate Emulsion ........................................... 43 
3.3.3 Sonication - Preparation of Nanoemulsion ................................... 43 

3.3.3.1 Particle Size Z-average, PdI ............................................... 45 
3.3.3.2 Zeta Potential ...................................................................... 45 

3.3.3.3 Viscosity of BSO Alginate CE and Nanoemulsion ............ 46 



 

ix 

3.3.4 Electrospraying Process ................................................................ 46 

3.3.5 Sphericity of BSO Wet Alginate Beads ........................................ 48 

3.3.6 Statistical Analysiss ...................................................................... 49 
3.4 Results and Discussion ............................................................................. 49 

3.4.1 Characterisation of the CE ............................................................ 49 
3.4.1.1 Dissolution Time ................................................................ 49 
3.4.1.2 Appearance of the CE during Dissolution .......................... 50 

3.4.1.3 Droplet Size and PdI for CE ............................................... 53 
3.4.2 Characterisation of the Nanoemulsion of H, OS and OSH at 20 

Amplitude ..................................................................................... 57 
3.4.2.1 Particle Size, PdI, Zeta Potential and Conductivity of 

Nanoemulsion for MS BSO Alginate CE and 

Nanoemulsion ..................................................................... 57 

3.4.2.2 Particle Size, PdI, Zeta Potential and Conductivity of 

Nanoemulsion for H, OS and OSH BSO Alginate 

Nanoemulsion at 20 Amplitudes of 20kHz Sonicator ......... 60 
3.4.2.3 Particle Size, PdI, Zeta Potential and Conductivity of 

Nanoemulsion for OSH BSO Alginate Nanoemulsion at a 

Different Amplitude of Sonicator. ...................................... 64 
3.4.2.4 Viscosity of CE and nanoemulsion .................................... 67 

3.4.3 Characterisation of Wet Alginate Beads ....................................... 69 
3.5 Conclusion ................................................................................................ 78 

 

CHAPTER FOUR: DESIGN OF PILOT SCALE PROCESS 

MANUFACTURING .............................................................................................. 80 

4.1 Introduction............................................................................................... 80 
4.2 Materials ................................................................................................... 82 

4.3 Methodology ............................................................................................. 82 
4.3.1 Emulsion Preparation .................................................................... 82 

4.3.2 Multi-nozzle Electrospray Design................................................. 83 
4.3.3 MF Value of Multi-nozzle Electrospray ....................................... 86 

4.4 Results and Discussion ............................................................................. 86 

4.4.1 First Design of One Baffle with 11 Multinozzles ......................... 86 
4.4.2 Second Design of One Baffle with 11 Multinozzles ..................... 93 
4.4.3 Third Design of One Baffle with 11 Multinozzles........................ 95 

4.4.4 Fourth Design of One Baffle with 11 Multinozzles ...................... 98 
4.4.5 Fifth Design of Two Baffles with 12 Multinozzles ...................... 100 

4.5 Conclusion ................................................................................................ 107 

 

CHAPTER FIVE: LAB SCALE PROCESS OPTIMISATION OF MULTI-

NOZZLE SPRAYING PROCESS FOR ALGINATE BEADS .......................... 108 
5.1 Introduction............................................................................................... 108 
5.2 Materials ................................................................................................... 109 
5.3 Methodology ............................................................................................. 109 

5.3.1 Production of BSO Alginate Beads using Multi-nozzle Spray ..... 109 
5.3.2 Sphericity of BSO Wet Alginate Beads ........................................ 111 

5.4 Results and Discussion ............................................................................. 112 
5.4.1 Characterisation of Wet Alginate Beads ....................................... 112 

5.4.1.1 Voltage Manipulation ......................................................... 112 



 

x 

5.4.1.2 Distance Manipulation ........................................................ 120 

5.5 Conclusion ................................................................................................ 125 

 

CHAPTER SIX: EQUIPMENT OPTIMISATION ............................................. 126 
6.1 Introduction............................................................................................... 126 
6.2 Materials ................................................................................................... 129 
6.3 Methodology ............................................................................................. 129 

6.3.1 Mixing Tank 100 L with H ........................................................... 131 
6.3.2 Ultrasonic ...................................................................................... 133 

6.3.2.1 Sonication - Preparation of Nanoemulsion ......................... 135 
6.3.2.2 The Energy Efficiency of Sonication Process .................... 138 

6.3.3 Holding Tank 20L ......................................................................... 139 

6.3.4 Multi-nozzle Spray with Holding Tank CaCl2. ............................. 140 

6.3.5 Curing, Filter and Washer Tank .................................................... 143 

6.4 Results and Discussion ............................................................................. 144 
6.4.1 Performance Qualification and Optimisation for 100 L Mixing 

Tank with H .................................................................................. 148 
6.4.2 Performance Qualification and Optimisation for Flow Cell 

Sonicator ....................................................................................... 154 
6.4.2.1 Effect of Flow Rate and Different Power in Sonication 

Process ................................................................................. 162 
6.4.2.2 Energy Efficiency of Sonication Process ........................... 173 

6.4.3 Performance Qualification and Optimisation for 20 L Holding 

Tank .............................................................................................. 176 
6.4.4 Performance Qualification and Optimisation for Multi-nozzle 

Spray ............................................................................................. 178 
6.4.5 Performance Qualification and Optimisation for Curing Tank..... 185 

6.5 Conclusion ................................................................................................ 188 

 

CHAPTER SEVEN: GENERAL DISCUSSION AND CONCLUSION ........... 191 
7.1 General Discussion ................................................................................... 191 
7.2 General Conclusion .................................................................................. 197 

7.3 Recommendation and Future Works ........................................................ 199 

 

REFERENCES ........................................................................................................ 200 

 

APPENDIX I: DROPLET SIZE AND PDI FOR H, OS AND OSH. DATA 

REPRESENTED BY MEAN ± SD (N=3) ............................................................. 208 
APPENDIX II: DROPLET SIZE, PDI, ZETA POTENTIAL AND 

CONDUCTIVITY FOR MS. DATA REPRESENTED BY MEAN ± SD (N=3)

 ................................................................................................................................... 209 
APPENDIX III: DROPLET SIZE AND ZETA POTENTIAL FOR EACH 

TYPE OF METHOD AT 20 AMPLITUDES OF SONICATOR USING 

FLOW CELL. DATA REPRESENTED BY MEAN ± SD (N=3) ....................... 210 

APPENDIX IV: DROPLET SIZE, ZETA POTENTIAL AND 

CONDUCTIVITY FOR OSH AT A DIFFERENT AMPLITUDE OF 

SONICATOR USING A FLOW CELL. DATA REPRESENTED BY MEAN 

± SD (N=3) ............................................................................................................... 211 



 

xi 

APPENDIX V: VISCOMETER TO DETERMINE THE VISCOSITY OF 

(A) ALGINATE SOLUTION AND (B) BSO ALGINATE EMULSION .......... 212 

APPENDIX VI VISCOSITY OF BSO ALGINATE EMULSION OF OSH. 

DATA REPRESENTED BY MEAN ± SD (N=3) ................................................. 213 
APPENDIX VII: SPHERICITY FACTOR AND DIAMETER OF BSO 

ALGINATE BEADS FOR SINGLE NOZZLE ELECTROSPRAY .................. 214 
APPENDIX VIII: RESEARCH ACHIEVEMENTS ........................................... 228 

  



 

xii 

LIST OF TABLES 

Table 2.1 Summary Of TQ 

 

11 

Table 2.2 An Example of CQAs, Variables and Control Strategy 

Register (Baseman & Gorsky, 2020) 

 

 

27 

Table 2.3 

 

Considerations for EQ (Ostrove, 2019) 32 

Table 2.4 

 

Example of PQ Parameters For 100-Litre Mixing Tank of 

BSO Alginate Emulsion 

 

 

38  

Table 3.1 

 

Mixing Time for Each Mixing Method 49 

Table 3.2 

 

Three Level Factorial of Three Independent Variables for 

Size and SF of BSO Alginate Wet Beads with the 

Experimental and Responses 

 

 

 

70 

Table 3.3 

 

Analysis of Variance (ANOVA) for Response Surface to 

Quadratic Model for the Yield of BSO Alginate Beads 

Diameter 

 

 

 

74 

Table 3.4 

 

ANOVA for Response Surface to Quadratic Model for the 

Yield of BSO Alginate Beads SF 

 

 

76 

Table 4.1 

 

MF for First Design One Baffle with 11 Multi-Nozzles 92 

Table 4.2 

 

MF Value of 5 Different Types of Multi-Nozzle Spray 104 

Table 5.1 

 

SF and Size of BSO-Alginate Beads Electrosprayed by Multi-

Nozzle at the Parameter of 3.5 kV High Voltage and 25 cm 

Distance Between Multi-Nozzle to Cacl2 Surface 

 

 

 

115 

Table 5.2 

 

SF and Size of BSO-Alginate Beads Sprayed by Multi-

Nozzle at the Parameter of 0 kV High Voltage (Without High 

Voltage) and 25 cm Distance between Multi-Nozzle to CaCl2 

Surface 

 

 

 

 

117 

Table 5.3 

 

SF and Size of BSO-Alginate Beads Sprayed by Multi-

Nozzle at the Parameter Of 0 kV and 3 Cm Distance between 

Multi-Nozzle to CaCl2 Surface 

 

 

 

122 

Table 6.1 

 

Raw Materials for 45 Kg Scale-Up BSO In Alginate Beads 129 

Table 6.2 Tests for PQ Mixing Tank 100 L with the H 

 

132 



 

xiii 

Table 6.3 

 

Tests for PQ Flow Cell Sonicator 134 

Table 6.4 

 

CQAs of BSO Alginate Nanoemulsion Sonication Process 

Target Acceptance Criteria 

 

 

138 

Table 6.5 

 

Critical Process Steps and Parameters in the BSO Alginate 

Nanoemulsion Sonication Process 

 

 

138 

Table 6.6 

 

Test for PQ Holding Tank 20 L 140 

Table 6.7 Test for PQ Multi-Nozzle Spray 

 

141 

Table 6.8 

 

Test of PQ for Curing and Filtration Unit 

 

143 

Table 6.9 

 

Scope of Testing for Mixing Tank 100 L. Data Represented 

by Mean ± SD (N=3) 

 

 

149 

Table 6.10 

 

Scope of Testing for Flow Cell Sonicator. Data Represented 

by Mean ± SD (N=3) 

 

 

155 

Table 6.11 

 

Z-Average of BSO Alginate Nanoemulsion for Different 

Flow Rates and Amplitude/Power of Sonicator. Data 

Represented by Mean ± Standard Deviation (N=3) 

 

 

 

164 

Table 6.12 

 

PdI of BSO Alginate Emulsion for Different Flow Rates and 

Amplitude (Power) of Sonicator. Data Represented by Mean 

± Standard Deviation (N=3) 

 

 

 

166 

Table 6.13 

 

Zeta Potential of BSO Alginate Nanoemulsion for Difference 

Flow Rate and Amplitude (Power) of Sonicator. Data 

Represented by Mean ± Standard Deviation (N=3) 

 

 

 

167 

Table 6.14 

 

Conductivity of BSO Alginate Nanoemulsion for Difference 

Flow Rate and Amplitude (Power) of Sonicator. Data 

Represented by Mean ± Standard Deviation (N=3) 

 

 

 

169 

Table 6.15 

 

Analysis of Variance (ANOVA) for Response Surface to 

Quadratic Model for the Yield of BSO Alginate 

Nanoemulsion Particle Size 

 

 

 

170 

Table 6.16 

 

The Constraints of the Four-Level Two Factorial Design for 

This Study 

 

 

171 

Table 6.17 

 

The Solutions Provided from the Model  172 

Table 6.18 

 

Energy Density of BSO Alginate Nanoemulsion for 

Difference Flow Rate and Amplitude (Power) of Sonicator 

 

 

174 



 

xiv 

Table 6.19 

 

Energy Utilisation of BSO Alginate Nanoemulsion for 

Difference Flow Rate and Amplitude (Power) of Sonicator 

 

 

175 

Table 6.20 

 

Scope of Testing for 20 L Holding Tank. Data Represented 

by Mean ± SD (n=3) 

 

 

177 

Table 6.21 

 

SF and Diameter of BSO Alginate Beads 181 

Table 6.22 

 

Concentration of CaCl2 during Curing Process 187 

 

  



 

xv 

LIST OF FIGURES 

Figure 1.1  Research Flow 

 

5 

Figure 2.1  

 

A) Monodisperse Emulsion B) Polydisperse Emulsion 

(Mcclements, 2016) 

 

 

9 

Figure 2.2  A) Black Seeds of the NS Plant and B) The Chemical 

Structure of TQ 

 

 

10 

Figure 2.3  BSO in the Alginate Beads Process at the Lab-Scale 

 

17 

Figure 2.4  Schematic Diagram of BSO-Encapsulating Alginate Beads 

Fabrication Using Electrospray 

 

 

18 

Figure 2.5  General Process of 3D Printing Regarding Nozzle-Based 

Printing: A) Design of the Object Using Computer-Aided 

Design Software (Tinkercad®) and File Saved in STL, B) 

Format Slicing and Printer Setting Using Slicing Software 

(Repetier Host) and File Saved in a Format Supported by the 

Printer (E.G., G-Code), C) Printing of Designed Object Using 

Suitable 3D Printing Technology, D) Finished Printed Object 

(E.G., A Cap for Flow Cell). 

 

 

 

 

 

 

 

 

21 

Figure 2.6  Example of 3D-Printed Bifurcation Flow Multi-Nozzle 

Design. 

 

 

23 

Figure 2.7  Different Baffle Designs That Was Printed Using 3D-Printer 

According to the Optimum Design A) Design 1, and B) 

Design 2 (Park Et Al., 2018). 

 

 

 

24 

Figure 2.8  Example of Pareto Chart Risk Assessment on the Processes 

Involved in a Manufacturing of a Quality BSO Alginate Wet 

Beads 

 

 

 

28 

Figure 2.9  Example of Ishikawa Diagram Summarising CPP for BSO 

Alginate Wet Beads. 

 

 

29 

Figure 2.10  Four EQ Stages (Chee Et Al., 2017) 

 

33 

Figure 3.1  Wet Alginate Beads Formation Process A) Mixing for CE, B) 

Flow Cell Sonication Process for Nano Emulsion and C) 

Electrospray for Wet Beads Formation. 

 

 

 

41 

Figure 3.2  Flow Cell Sonicator for H, OS and OSH of BSO Alginate 

Emulsion 

 

44 



 

xvi 

Figure 3.3  Arrangement of Single Nozzle Electrospray Process for 

Optimisation of BSO Alginate Wet Beads in the Lab Scale 

 

 

47 

Figure 3.4  OS Mixing Method A) After Adding T80 and Alginate 

Powders B) After Adding BSO C) Final Product of CE 

 

 

51 

Figure 3.5  H Mixing Method A) After Adding T80 and Alginate 

Powders B) Foams Formation During Alginate Dissolution 

C) Layer of Foams After 3 Hours Rest D) Final Product of 

CE After Adding BSO. 

 

 

 

 

52 

Figure 3.6  OS Plus H (OSH) Mixing Method A) After Adding T80 B) 

After Adding Alginate Powders C) Less Foams and Clumps 

Formation During Alginate Dissolution D) Final Product of 

CE After Adding BSO. 

 

 

 

 

53 

Figure 3.7  Droplet Size of H, OS, and OSH Of BSO Alginate CE. Data 

Represented by Mean ± SD (Error Bar) (N=3) 

 

 

55 

Figure 3.8  The PdI of BSO Alginate CE Using H, OS and OSH Mixing 

Methods. Data Represented by Mean ± SD (Error Bar) (N=3). 

 

 

 

56 

Figure 3.9  Characteristics of MS BSO Emulsion Before and After 

Sonication for A) Droplet Size, B) PdI and C) Zeta Potential. 

Data Represented by Mean ± SD (Error Bar) (N=3). (* : 

Significant Difference with MS). 

 

 

 

 

59 

Figure 3.10  Statistical Analysis of Different Methods Used to Prepare 

BSO Emulsion Compared to MS as a Benchmark At 20 

Amplitude of 20 khz Flow Cell Sonicator A) Z- Average, B) 

PdI and C) Zeta Potential. Data Represented by Mean ± SD 

(Error Bar) (N=3). (* : Significant Difference with MS). 

 

 

 

 

 

62 

Figure 3.11  Statistical Analysis of Different Amplitude of Flow Cell 

(OSH) BSO Emulsion Compared to MS as a Benchmark A) 

Particle Size, B) PdI and C) Zeta Potential. Data Represented 

by Mean ± SD (Error Bar) (N=3). (* : Significant Difference 

with MS 20). 

 

 

 

 

 

66 

Figure 3.12  Statistical Analysis of Viscosity BSO Nanoemulsion Before 

and After Sonication. Data Represented by Mean ± SD (Error 

Bar) (N=3). (* : Significant Difference with OSH Before 

Sonication) 

 

 

 

 

68 

Figure 3.13  Example of BSO Alginate Beads (A) At Parameters of Flow 

Rate 1 mL/min, 3 kv and 15 cm Distance and (B) At 

Parameters of Flow Rate 2 mL/min, 3 kv and 25 cm Distance 

 

 

71 



 

xvii 

Figure 3.14  3D Graphic Surface and Contour Plots for the Effects of Flow 

Rate and High Voltage on the Diameter of BSO Alginate 

Beads 

 

 

 

72 

Figure 3.15  Contour Plot for the Effects of Flow Rate and High Voltage 

on the Diameter of BSO Alginate Beads 

 

 

73 

Figure 3.16  3D Graphic Surface and Contour Plots for the Effects of Flow 

Rate and High Voltage on the SF of BSO Alginate Beads 

 

 

 

76 

Figure 3.17  Contour Plot for the Effects of Flow Rate and High Voltage 

on the SF of BSO Alginate Beads. 

 

 

77 

Figure 4.1  Process Flow Diagram of BSO in Alginate Beads for Pilot 

Scale 

 

 

81 

Figure 4.2  Design of Multi-Nozzle Electrospray Using Tinkercad 

Software 

 

 

84 

Figure 4.3  Slicing Using Repetier Software. 

 

84 

Figure 4.4  Dimension of Baffle Blockage at the Central Part and the 

Thickness of the Baffle 

 

 

88 

Figure 4.5  The Thickness of Upper Spacing-to-the Baffle Thickness-to 

the Bottom Spacing 

 

 

89 

Figure 4.6  Experimental Setup for the First Design 

 

90 

Figure 4.7  The Collected Emulsion for the Set of Samples of A), B) and 

C) 

 

 

91 

Figure 4.8  A) The Thickness of Upper Spacing-to-the Baffle Thickness-

to the Bottom Spacing, B) Thickness of the Damper and A) 

Diameter of Baffle Blockage 

 

 

 

94 

Figure 4.9  A) The Thickness of Upper Spacing-to-the Baffle Thickness-

to the Bottom Spacing, B) Thickness of the Damper and C) 

Diameter of Baffle Blockage 

 

 

 

96 

Figure 4.10  Experimental Setup for the Third Design and the Collected 

Emulsion 

 

 

98 

Figure 4.11  A) The Thickness of Upper Spacing-to-the Baffle Thickness-

to the Bottom Spacing, B) Diameter of Baffle Blockage 

 

 

99 

Figure 4.12  Multi-Nozzle with Two Baffles and 12 Nozzles. 

 

101 



 

xviii 

Figure 4.13  A) The Thickness of Upper Spacing-to-the Baffle Thickness-

to the Bottom Spacing, B) Diameter of Baffle Blockage of 

Design 1 and Design 2 

 

 

 

102 

Figure 4.14  A) The Multi-Nozzle Parts Printed Using a 3D Printer and B) 

Examples of the Complete Set of Multi-Nozzles 

 

 

103 

Figure 4.15  The Multi-Nozzle Experimental Setup for the Fifth Design 

 

105 

Figure 4.16  MF Values for All Designs. Data Represented by Mean ± SD 

(Error Bar) (N=3) 

 

 

106 

Figure 4.17  A) The Cross-Section for the First Design and B) Side View 

of the Fifth Design 

 

 

106 

Figure 5.1  Arrangement of Multi-Nozzle Electrospray A) High Voltage 

Process and B) Without Current Voltage Process for 

Optimisation of BSO Alginate Wet Beads in the Lab Scale 

 

 

 

110 

Figure 5.2  BSO-Alginate Beads Electrospray by Multi-Nozzle at the 

Parameter of 3.5 kV High Voltage and 25 cm Distance 

Between Multi-Nozzle to CaCl2 Surface. 

 

 

 

113 

Figure 5.3  A), B), and C) Illustrates the Wet BSO Alginate Beads Size 

Produced by Multi-Nozzle Electrospray Process at a Distance 

Of 25 cm and 3.5 kV. 

 

 

 

113 

Figure 5.4  BSO Alginate Beads for Multi-Nozzle Spray at 25 cm 

Distance with 0 kV. 

 

 

118 

Figure 5.5  A) SF for Multi-Nozzle Electrospray at 3.5 kV and 0 kV at 

25 cm Distance and B) BSO Beads Size for Multi-Nozzle 

Electrospray at 3.5 kV and 0 kV at 25 cm Distance 

 

 

 

119 

Figure 5.6  BSO-Alginate Beads Sprayed by Multi-Nozzle at the 

Parameter Of 0 kV with A) 3 cm Distance and B) 25 Cm 

Distance 

 

 

 

121 

Figure 5.7  BSO Alginate Beads for Multi-Nozzle Sprayed at 3cm 

Distance and 0 kV 

 

 

123 

Figure 5.8  A) SF Value and B) BSO Beads Size for Multi-Nozzle Spray 

At 0 kV and Distance of 25 cm and 3 cm 

 

124 

 

Figure 6.1  EQ For BSO Alginate Beads in the Pilot Plant 

 

130 

Figure 6.2  100 L Mixing Tank with H 

 

133 

Figure 6.3  Flow Cell Sonicator 135 



 

xix 

Figure 6.4  Flow Cell Sonicator Inside the Pilot Plant 

 

137 

Figure 6.5  20 L Holding Tank with 50 L Multi-Nozzle Spray Tank. 

 

140 

Figure 6.6  Arrangement of Multi-Nozzle Spray Tank with 12 Sets of 

Multi-Nozzles 

 

 

142 

Figure 6.7  Curing and Filtration Equipment 

 

144 

Figure 6.8  Ishikawa Diagram Shows the CPPs of BSO Alginate Beads 

Production 

 

 

145 

Figure 6.9  Ishikawa Diagram Illustrates the CQAs of BSO Alginate 

Beads 

 

 

147 

Figure 6.10  Droplet Size of BSO Alginate CE of Mixing Tank 100 L. 

Data Represented by Mean ± SD (Error Bar) (N=3) 

 

 

150 

Figure 6.11  Viscosity of BSO Alginate CE of Mixing Tank 100 L. Data 

Represented by Mean ± SD (Error Bar) (N=3) 

 

 

152 

Figure 6.12  Particle Size of BSO Alginate Emulsion of Flow Cell 

Sonicator. Data Represented by Mean ± SD (Error Bar) 

(N=3) 

 

 

 

157 

Figure 6.13  The Setting of Parameters in Flow Cell Sonicator. 

 

158 

Figure 6.14  PdI of BSO Alginate Emulsion of Flow Cell Sonicator. Data 

Represented by Mean ± SD (Error Bar) (N=3) 

 

 

160 

Figure 6.15  Zeta Potential of BSO Alginate Emulsion of Flow Cell 

Sonicator. Data Represented by Mean ± SD (Error Bar) 

(N=3) 

 

 

 

161 

Figure 6.16  The Particle Size of BSO Alginate Nanoemulsion of Flow 

Cell Sonicator at Different Flow Rates and Power 

(Amplitude). Data Represented by Mean ± SD (Error Bar) 

(N=3) 

 

 

 

 

165 

Figure 6.17  The PdI of BSO Alginate Nanoemulsion of Flow Cell 

Sonicator at Different Flow Rates and Power (Amplitude). 

Data Represented by Mean ± SD (Error Bar) (N=3) 

 

 

166 

 

Figure 6.18  The Zeta Potential of BSO Alginate Nanoemulsion of Flow 

Cell Sonicator at Different Flow Rates and Power 

(Amplitude). Data Represented by Mean ± SD (Error Bar) 

(N=3) 

 

 

 

 

168 



 

xx 

Figure 6.19  The Conductivity of BSO Alginate Nanoemulsion of Flow 

Cell Sonicator at Different Flow Rates and Power 

(Amplitude). Data Represented by Mean ± SD (Error Bar) 

(N=3) 

 

 

 

 

169 

Figure 6.20  3D Graphic Surface and Contour Plots for the Effects of Flow 

Rate and Amplitude on the Particle Size of BSO Alginate 

Nanoemulsion 

 

 

 

171 

Figure 6.21  Viscosity Of BSO Alginate Nanoemulsion of Holding Tank 

20 L. Data Represented by Mean ± SD (Error Bar) (N=3) 

 

 

178 

Figure 6.22  BSO Alginate Beads Produced Inside Multi-Nozzle Spray 

Tank. 

 

 

182 

Figure 6.23  BSO Alginate Beads Produced by Multi-Nozzle Spray Tank. 

A) 10 Beads of The First Group, B) 10 Beads of the Second 

Group and C) 10 Beads of the Third Group 

 

 

 

184 

Figure 6.24  Measurement of the Concentration of Cacl2 During the 

Curing Process 

 

 

186 

Figure 6.25  Curing and Filtration Process of BSO Alginate Wet Beads 

 

187 

Figure 6.26  Concentration Of Cacl2 During Curing Process 

 

188 

 
 

  



 

xxi 

LIST OF ABBREVIATION 

BSO Black Seed Oil 

CE Coarse Emulsion 

CFD Computational Fluid Dynamic 

CPPs Critical Process Parameters 

CQAs Critical Quality Attributes 

DOX Doxorubicin 

DQ Design Qualification 

EHDA Electrohydrodynamic Atomisation 

EQ Equipment Qualification 

FAT Factory Acceptance Test 

FC Flow Configuration 

GMP Good Manufacturing Practice 

H Homogeniser 

IPQC In Process Quality Control 

IQ Installation Qualification 

MF Maldistribution Factor 

MS Magnetic Stirrer 

NS Nigella sativa 

OQ Operational Qualification 

OS Overhead Stirrer 

OSH Overhead Stirrer Combined with Homogeniser 

PdI Polydispersity Index 

PQ Process Qualification 

RSM Response Surface Methodology 

SA Sodium Alginate 

SF Sphericity Factor 

STL Standard Tessellation Language 

TQ Thymoquinone 

T80 Tween 80 



 

1 

CHAPTER ONE 
 

 

INTRODUCTION 

1.1 BACKGROUND OF THE STUDY 

Present sedentary and long working hours are one of the possible human explanations 

for their inability to maintain a balanced diet. This lifestyle encourages researchers to 

boost nutrient levels in natural products to enhance human health (Singh et al., 2018). 

Nigella sativa (NS), also known as black seed or black cumin, has been extensively 

studied because of its antioxidant, antibacterial, anti-inflammatory, and anti-cancer 

properties owing to its active ingredient, which is thymoquinone (TQ) (Majdalawieh & 

Fayyad, 2016; Woo et al., 2011). Black seeds consist of nutritional components such as 

vitamins and proteins, together and after modification such as TQ, thymol, 

thymohydroquinone, nigellicine, nigellimine, and α-hederin, which encourage the 

increasing number of phytochemicals and pharmacological studies (Anandan et al., 

2017). However, stability investigation on TQ showed a low stability profile in all 

aqueous solutions with fast degradation that varied with the solvent category, mainly at 

an alkaline pH (Salmani et al., 2014). It had also been pointed out that aqueous solutions 

is not suitable as therapeutic vehicles for TQ preparations (Salmani et al., 2014). The 

encapsulation of BSO in alginate beads is intended to solve the problem of bitterness, 

transportation issues, stability, and the difficulty of swallowing soft gel capsules 

containing BSO by children and the elderly. Furthermore, market survey conducted in 

the United States found that out-of-pocket expenditures on natural product supplements 

were approximately $12.8 billion in 2012 (Nahin et al., 2016). Meanwhile, retail sales 

of vitamins and nutritional supplements in Malaysia have more than doubled in the last 
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decade, from RM940.4 million (USD248.3 million) in 2005 to RM1.9 billion 

(USD572.6 million) in 2014 (“Dietary Supplements in Malaysia,” 2021). To ensure that 

the BSO alginate bead product meets the market demand, the process needs to be scaled 

up using a multi-nozzle spray. However, pilot-scale multi-nozzle spray for alginate is 

not commercially available as a production line for pharmaceutical products. To 

establish a new production line that meets pharmaceutical Good Manufacturing Practice 

(GMP), it requires enormous activities of qualifications of the equipment and 

verification of the process. The BSO-alginate bead production in a larger scale is 

expected to meet the increasing demand from the consumers. 

 

1.2 PROBLEM STATEMENT 

BSO is readily available in liquid form, which is associated with issues such as 

bitterness, transportation, and stability. These issues spark researchers’ and 

manufacturers’ attention to encapsulate BSO into different dosage forms, such as soft 

gel capsule. Even though the capsule can solve the issues as mentioned earlier, children 

and the elderly are facing with difficulty in swallowing the BSO capsules. As far as this 

study concern, there is no product commercially available in the market that 

encapsulates BSO into alginate beads in micrometre size which is produced by GMP 

plant. 

The production of BSO in alginate beads in the large quantity requires the use of 

multi-nozzle for the spraying process because the single nozzle cannot uphold the large-

scale and continuous process. As for now, the multi-nozzle parts for spraying the BSO 

in alginate bead production are still not commercially available. As far as this study is 

concerned, the multi-nozzle spray is only designed for the production of the 
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nanoparticle. Multi-nozzle spray for the production of millimetre size of beads is still 

not available in the market.  

Thus, it is essential to design a multi-nozzle with specific considerations, such 

as laminar flow and turbulent flow of the emulsion inside the multi-nozzle, which gives 

an equal distribution for each nozzle that will involve 144 nozzles in the production. 

There are several problems associated with a multi-nozzle electrospray, such as 

increasing the flow rate, which will lead to an electrical shortage. This problem shows 

that the microfluidic system has to be redesigned in order to reduce the interaction 

between different nozzles. 

Additionally, equipment qualification (EQ), especially for multi-nozzle spraying 

process, is still not established until now for real industrial processes. Besides, the 

process qualification (PQ) of BSO alginate beads will also need to be done following 

the GMP criteria. The production of BSO in alginate beads using a multi-nozzle that 

will be established at the lab-scale will be compared against the pilot-scale to ensure 

that the targeted specification is achieved. 

 

1.3 RESEARCH HYPOTHESIS 

The encapsulated BSO in alginate beads production, which will be produced by multi-

nozzle spraying process are of the same quality and characteristics as a single nozzle in 

the lab scale.  

  




